ABSTRACT Despite the simplicity of the yeast Saccharomyces cerevisiae, its basic cellular machinery tremendously mirrors that of higher eukaryotic counterparts. Thus, this unicellular organism turned out to be an invaluable model system to study the countless mechanisms that govern life of the cell. Recently, it has also enabled the deciphering of signalling pathways that control flux of mitochondrial proteins to the organelle according to metabolic requirements. For decades mitochondria were considered autonomous organelles that are only partially incorporated into cellular signalling networks. Consequently, only little has been known about the role of reversible phosphorylation as a meaningful mechanism that orchestrates mitochondrial biology accordingly to cellular needs. Therefore, research in this direction has been vastly neglected. However, findings over the past few years have changed this view and new exciting fields in mitochondrial biology have emerged. Here, we summarize recent discoveries in the yeast model system that point towards a vital role of reversible phosphorylation in regulation of mitochondrial protein import.
INTRODUCTION
Mitochondria are double membrane-bound organelles that have evolved from oxygen-scavenging purple eubacteria. The remarkable symbiotic relationship that had started more than 2 billion years ago allowed cells to acquire the ability to survive in a new aerobic environment. Mitochondria play a central role in conversion of energy sustaining viability and cell functions. However, mitochondrial function is not limited to mere ATP production. The organelles have vital roles in numerous cellular processes including metabolism of amino acids and lipids, biosynthesis of heme and iron-sulfur clusters, maintenance of ion concentrations or cell proliferation and death [1] [2] [3] [4] [5] [6] . The complexity and indispensability of mitochondrial function in eukaryotes have demanded the coevolution of a variety of sophisticated communication mechanisms between mitochondria and the rest of the cell that utilize ions, reactive oxygen species, metabolites and transcription factors. Emerging evidence points out that reversible phosphorylation likely constitutes a major tool in the regulation of mitochondrial biology and communication [7] [8] [9] .
Reversible phosphorylation is a ubiquitous posttranslational protein modification. It is estimated that approximately 30% of cellular proteins are phosphorylated during their lifetime [10] . Covalently bound phosphate groups may influence protein stability, activity or the ability to interact with partner macromolecules. Remarkably, reversible phosphorylation might even influence subcellular localization of the modified protein. The tight interplay between protein kinases and phosphatases determines the level of protein phosphorylation corresponding to the physiological state of the cell. Imbalance in the coordinated action of these opposing enzymes is often associated with human diseases like cancer [10, 11] .
Mitochondrial activity can be adjusted according to cellular demands at distinct levels e.g. by tuning the ratio between fission and fusion events within the mitochondrial network, by changing the rates of organelle turnover, by adjusting the activities of mitochondrial enzymes or by changes in the complete content of the mitochondrial proteome [5, 6, 9] . A gradual stream of reports implies that reversible phosphorylation plays a major role in all of these areas (reviewed in [7, 8] ). Here, we will focus on recent advances in regulation of mitochondrial protein import by cytosolic and mitochondrial protein kinases.
proteins are nuclear-encoded. They are synthesized as precursors on free ribosomes in the cytosol, subsequently imported and sorted to the designated submitochondrial location [15] [16] [17] . Most of these precursors enter the organelle via the translocase of the outer membrane (TOM complex) that provides the central protein entry gate (Fig.  1) . The TOM complex is formed by the central translocation pore Tom40 that associates with the import receptors Tom20, Tom70, Tom22 and the three small Tom proteins Tom5, Tom6 and Tom7. The small Tom proteins play a role in assembly and stability of the TOM complex. Tom20 preferably recognizes presequence-bearing preproteins, while Tom70 has a preference for binding hydrophobic precursors like the metabolite carriers of the inner membrane [1, [18] [19] [20] . Upon initial recognition by these receptors, precursors are transported to the central import receptor Tom22 and finally transferred to the Tom40 channel. Next, the precursors are distributed by further translocation and sorting machineries to the various submitochondrial compartments. Precursors carrying a N-terminal, cleavable presequence are sorted mainly to the matrix or inner membrane. This process is mediated by the presequence translocase of the inner membrane, the TIM23 complex.
Presequences are then typically removed by the matrix processing peptidase MPP [21, 22] .
Approximately one third of mitochondrial precursors do not contain cleavable presequences and their targeting information is hidden within the mature polypeptides. Precursors of the family of metabolite carriers contain such internal targeting signals. Once released from the TOM complex, these hydrophobic proteins pass through the intermembrane space utilizing the Tim9-Tim10 chaperone complex. Finally, they assemble in the inner membrane in a process driven by the carrier translocase (TIM22 complex) [15] [16] [17] 19, 20] .
Some intermembrane space proteins are synthetized as presequence-bearing precursors and employ the TOM and TIM23 complexes to reach their destination. The TIM23 machinery hereby catalyzes a lateral movement of these precursors into the inner membrane followed by cleavage via the inner membrane peptidase IMP that releases the mature protein to the intermembrane space [21, 22] . Many other intermembrane space proteins utilize an import route that requires the coordinated action of the TOM complex and the specialized import and assembly machinery MIA [15] [16] [17] [23] [24] [25] [26] . Precursors are guided by cytosolic chaperones to the main entry gate of mitochondria, the TOM complex (2). Precursors destined to the matrix pass through the TOM (2) and TIM23 (3) translocases and require the membrane potential ∆ψ. Import into the matrix is facilitated by the Hsp70 containing motor complex PAM that hydrolyzes ATP (4). Precursors of single spanning inner membrane proteins cross the mitochondrial outer membrane through the TOM complex (2) and are laterally released into the mitochondrial inner membrane by the TIM23 machinery (3 and 5). Precursors of outer membrane β-barrel proteins also use the TOM complex (2). In the intermembrane space (IMS) they are delivered to the sorting and assembly machinery SAM with the help of small Tim chaperones (6 and 7) from where they are subsequently inserted into the outer membrane. Precursors of metabolite carriers cross the outer membrane via TOM (2) and are guided by small Tim chaperones (6) to the TIM22 translocase (8) that facilitates their insertion into the inner membrane (9). Many precursors destined to the intermembrane space utilize the TOM complex (2) and the MIA machinery (10). Precursors of α-helical outer membrane proteins associate with the Tom70 receptor and are subsequently inserted into the mitochondrial outer membrane and typically depend on the MIM machinery (11).
Mitochondrial outer membrane proteins comprise both β-barrel and α-helical proteins that are all synthetized in the cytosol and have internal targeting signals. Precursors of β-barrel proteins are imported across the TOM complex to the intermembrane space, from where they are guided by the Tim9-Tim10 complex to the sorting and assembly machinery (SAM) that mediates their integration into the outer membrane [16] [17] [18] [19] [20] 27, 28] . Coupling of both outer membrane machineries into a TOM-SAM-supercomplex seems to accelerate precursor transfer between the translocases [29] . The insertion of α-helical proteins into the outer membrane is less understood. Many precursors of α-helical outer membrane proteins seem to be independent of the TOM complex, but require the MIM complex (Mim1-containing complex) that consists of Mim1 and Mim2 [20, [30] [31] [32] .
MITOCHONDRIAL PROTEIN IMPORT IS TIGHTLY CONTROLLED BY CYTOSOLIC AND OUTER MEMBRANE BOUND KINASES
As the TOM complex provides the central entry gate for most nuclear-encoded mitochondrial precursors it constitutes a perfect communication hub for tuning of mitochondrial activity. Indeed, recent studies show that the TOM complex is a major target for regulation of mitochondrial protein biogenesis by cytosolic and outer membrane bound protein kinases [33] [34] [35] . Central studies were performed using the unicellular budding yeast Saccharomyces cerevisiae, a versatile model organism to investigate many complex mechanisms that govern life of an eukaryotic cell.
Under glucose-rich conditions, S. cerevisiae predominantly acquires the cellular 'energy currency' ATP in a process called fermentation, in which pyruvate (the end product of glycolysis) is reduced to ethanol and carbon dioxide. Fermentation allows regeneration of NAD + coenzyme pools independently of mitochondrial respiratory activity. While mitochondrial respiratory function is reduced during fermentation, numerous mitochondrial activities that are vital for cell survival have to be preserved (e.g. Fe-S cluster biogenesis [4] ). Therefore, cells sense glucose levels and modulate their metabolism for instance by changing the expression or activity of several proteins. The TOM complex hereby constitutes a critical site at which mitochondrial protein import can be adjusted to metabolic switches, e.g. function and biogenesis of the TOM complex are tightly controlled by two kinases involved in glucose-induced signal transduction, CK1 (casein kinase 1) and PKA (cAMPdependent protein kinase) [33] [34] [35] .
In S. cerevisiae, PKA activity is induced under fermentable conditions. Under non-fermentable conditions, PKA exists in the cytoplasm in its inactive form in which three catalytic subunits (Tpk1, Tpk2, Tpk3) are bound to one regulatory subunit (Bcy1). The presence of glucose induces an increase in cAMP levels that is mediated by the adenylyl cyclase (Cyr1). Subsequent binding of cAMP to the Bcy1 subunit causes dissociation of the PKA complex and release of the catalytic Tpk subunits [36] . In its active form PKA targets Tom70, Tom40 and Tom22, all three critical constituents of the TOM complex, and thereby influences mitochondrial protein import capacity on several levels [33] [34] [35] .
On the one hand, PKA negatively regulates import of the channel forming subunit Tom40 (Fig. 2A) . It phosphorylates the Tom40 precursor at position Ser54 in the cytosol, prior to its import into the outer membrane. The phosphorylation still allows precursor binding to the outer membrane but prevents its integration into the membrane [34] . Similarly, PKA phosphorylation of the Tom22 precursor at position Thr76 inhibits its import into mitochondria [35] .
On the other hand, regulation of the TOM complex by PKA is not limited to the downregulation of TOM biogenesis. PKA-dependent phosphorylation may also directly modulate the function of the mature TOM complex, reflected by phosphorylation of Tom70 by PKA (Fig. 2B) . Tom70, which is the main import receptor for the metabolite carrier family of the inner membrane (e.g. ADP/ATP carrier, phosphate carrier), is phosphorylated at Ser174 upon metabolic switch from respiratory to fermentable conditions [33] . Tom70 interacts with the cytosolic chaperone Hsp70 that delivers hydrophobic precursors to the import receptor [37] . The N-terminal domain of Tom70 recognizes the negatively-charged motif Glu-Glu-Val-Asp (EEVD) at the C-terminus of Hsp70. Introduction of negative charges in the N-terminal domain of Tom70 via phosphorylation at Ser174 significantly affects electrostatic interactions between Tom70 and the precursor-bound chaperone. This leads to an impaired import of metabolic carriers into mitochondria [33] . Thus, PKA modulates mitochondrial activity according to metabolic changes, not only by influencing biogenesis of vital TOM components, but also by compromising Tom70 receptor activity.
In addition to PKA, casein kinase 1 (CK1) is also involved in glucose-driven signalling and influences mitochondrial function in S. cerevisiae (Fig. 2C) . CK1 kinase was found to be mainly located at the plasma membrane [38] . A metabolic switch from respiration to fermentation leads to retranslocation from the plasma membrane to the mitochondrial outer membrane [35] . Both subcellular localizations are palmitoylation-dependent and require the activity of the palmitoyl transferase Akr1 [35, 39] . At mitochondria CK1 specifically modifies Tom22 at Thr57 supporting its interaction with Tom20 and assembly into the TOM complex. CK1 supports the assembly of Tom22 also in the presence of active PKA [35] . This emphasizes the extreme complexity of signalling pathways that are involved in the control of mitochondrial import machineries. While PKA acts on earlier stages of Tom22 biogenesis, CK1 rather alleviates the inhibitory effects of PKA on the TOM complex than to abolish them. This might be required to maintain crucial mitochondrial functions (e.g. Fe-S cluster synthesis) that are essential under all metabolic conditions. Collectively, these overlapping signalling events ensure accurate metabolic-driven regulation of the function of the main protein entry gate of mitochondria. Among the TOM complex subunits 31 residues were identified to be phosphorylated, and many sites emerged to be targets of casein kinase 2 (CK2) [33] . In contrast to PKA, CK2 stimulates mitochondrial protein import by positively regulating biogenesis and function of the TOM complex (Fig. 2D) . CK2 seems to be involved in surveillance of many cellular processes including cell proliferation, growth and survival [40] [41] [42] . Remarkably, CK2-dependent phosphorylation of Tom22, Tom20 and Mim1 has strong consequences for mitochondrial protein biogenesis. So far, the central import receptor Tom22 seems to be the major target of CK2. The CK2-dependent phosphorylations of Tom22 at Ser44 and Ser46 appear to be constitutively present in the mature TOM. This posttranslational modification occurs already in the cytosol at the early stage of Tom22 biogenesis. It stimulates interaction of Tom22 precursor with the import receptors, but phosphorylation of Tom22 is also required for the assembly of Tom20 to the mature TOM complex [33] . Phosphorylation of Tom20 by CK2 occurs at Ser172 and seems not to play a role in regulation of its biogenesis or import of other precursor proteins. Still, CK2 controls biogenesis of Tom20 indirectly, by phosphorylation of Tom22 and also Mim1. Mim1 is not a bona fide component of the TOM complex instead it transiently associates with TOM and is vital for the biogenesis of many Tom precursors, including Tom70, Tom20 or the small Tom proteins [17, 31, 32] . CK2 efficiently phosphorylates Mim1 at Ser12 and Ser16. Significant reduction of Mim1 protein levels in conditional ck2 mutants was observed pointing towards a role of CK2 in maintaining Mim1 stability. The mechanistic details of this phenomenon still remain elusive. Due to its role in Mim1 stabilization, phosphorylation of Ser12 and Ser16 exerts a substantial role in efficiency of Mim1-dependent import which influences amongst others Tom20 and Tom70 levels at mitochondria [33] . Taken together, these examples reflect the complexity of signalling pathways engaged in adjustment of mitochondrial activity by directly controlling the mitochondrial proteome at the level of the main translocase of the outer membrane in response to specific cellular demands.
PERSPECTIVES
The view that mitochondria due to their evolutionary origin are autonomous entities has substantially changed in recent years. Currently, it is evident that the 'power plants of the cell' are not only competent to sense stimuli, but they also actively exchange signals with other cellular compartments. Our current knowledge that reflects the expanding roles of mitochondria in various vital cellular processes that go beyond mere energy conversion underscores the requirement to integrate these organelles with the rest of the cell. Malfunction of mitochondria is linked to many human diseases. Hence, the deciphering of complex signal transduction networks between these organelles and other cellular compartments is of great importance. Reversible phosphorylation is the most widespread signalling mechanism that constitutes the core of cellular communication systems. A gradual stream of reports points out that this mode of posttranslational modification plays also a pivotal role in adjustment of mitochondrial activity. This for instance is illustrated by regulation of mitochondrial protein import by cytosolic and mitochondrial protein kinases. Findings have unveiled complicated networks of overlapping signalling events that target the main protein entry gate of the mitochondrial outer membrane. Given that at least 31 residues of the TOM complex are targets of kinasedependent modifications, and that the significance of only few of them have been unravelled so far, the picture is still far from being complete [33] . The kinome of S. cerevisiae consists of at least 130 kinases [43] . It is therefore very probable that the list of players involved in regulation of the mitochondrial protein import machinery will expand in the near future. Interestingly, in vitro screens using purified TOM subunits and numerous recombinantly expressed kinases imply an engagement of additional signalling cascades in regulation of the TOM complex [33] . Besides the TOM complex the outer membrane contains additional membrane protein complexes involved in protein biogenesis (e.g. SAM or ER-mitochondria encounter structure (ER-MES)/mitochondria distribution and morphology protein (MDM) complexes). Furthermore, the existence of TOM-SAM supercomplexes has been reported recently. It is therefore tempting to speculate that kinase-phosphatase pairs are involved in the control of biogenesis, activity or supramolecular organisation of these complexes. Moreover the tight regulation of protein import machineries by reversible phosphorylation at inner mitochondrial protein translocases (e.g. TIM complexes or MIA machinery) cannot be excluded and still awaits survey. The discovery of numerous phosphorylated proteins inside mitochondria implies the existence of many signalling cascades that employ kinases and phosphatases in the mitochondrial interior [7, 44] . Recent developments in the isolation of highly pure mitochondrial fractions combined with mass spectrometry analysis revealed the presence of many kinases and phosphatases in mitochondria (listed in [45] ). In S. cerevisiae, most of these signalling proteins have already well-established roles that seem to be performed outside mitochondria. Noteworthy, also kinases and phosphatases with unknown functions have been found in the mitochondrial proteome. Despite the fact that these kinases and phosphatases could represent contamination of mitochondrial fractions by other cellular compartments, these data will provide a starting point to explore the fascinating field of regulation of mitochondrial biology. Furthermore, many signalling molecules could be vastly overlooked using proteomic approaches due to the potentially low abundance of these proteins. In silico analyses predicted that 5 % of the proteins identified in the S. cerevisiae kinome are targeted to mitochondria [46] . Future studies will unquestionably lead to the unveiling of further intriguing regulatory mechanisms that govern mitochondrial biology.
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